New information about the benefits and limitations of testing for resistance to human immunodeficiency virus (HIV) type 1 (HIV-1) drugs has emerged. The International AIDS Society-USA convened a panel of physicians and scientists with expertise in antiretroviral drug management, HIV-1 drug resistance, and patient care to provide updated recommendations for HIV-1 resistance testing. Published data and presentations at scientific conferences, as well as strength of the evidence, were considered. Properly used resistance testing can improve virological outcome among HIV-infected individuals. Resistance testing is recommended in cases of acute or recent HIV infection, for certain patients who have been infected as long as 2 years or more prior to initiating therapy, in cases of antiretroviral failure, and during pregnancy. Limitations of resistance testing remain, and more study is needed to refine optimal use and interpretation.
phenotypic and genotypic testing, criteria to define the likelihood of clinical response, long-term clinical benefits of testing, and the cost-effectiveness of resistance testing as a routine part of patient monitoring. Numerous studies have now addressed many of these issues. Moreover, data have emerged documenting the seriousness of the problem of HIV-1 drug resistance in previously treated and untreated patient populations. This new information emphasizes the need for better education on how to use resistance testing and for updated guidelines on how to use antiretroviral drug combinations most effectively to prevent or treat drug resistance.
In addition, subsequent studies have identified concepts not addressed in our previous reports. These include the importance of hypersusceptibility in predict-ing response to nonnucleoside reverse-transcriptase inhibitors (NNRTIs) [3, 4] , the impact of HIV-1 subtype and human leukocyte antigen type on patterns of HIV-1 drug resistance [5] [6] [7] , the extent of cross-resistance among antiretroviral drugs [8] , and the utility of ratios of trough level to IC 50 in predicting response to antiretroviral regimens [9] . These concepts are more fully explored in this report.
MATERIALS AND METHODS
In 1997, the International AIDS Society-USA selected a panel of experts to develop consensus recommendations on the potential clinical role and limitations of drug resistance testing. The panel membership comprises physicians and scientists with expertise in basic science, clinical research, and patient care related to antiretroviral therapy and HIV drug resistance. Balance in perspective, US and international clinical and research experience with different assay methodologies, and a broad range of views on the roles and limitations of drug resistance testing were considerations in the selection of members.
For its initial reports [1, 2] , the panel considered data from the published literature and abstracts from relevant scientific conferences since the recognition of HIV drug resistance in 1989 [10] . For this updated report, the panel members reviewed newly available published and presented information regarding HIV drug resistance since 2000. Evidence strengths were considered according to parameters such as type of study (e.g., randomized prospective trial, cohort study, and case reports), number of subjects, duration of follow-up, and publication source. For example, published prospective studies were given high priority. Evidence from abstracts of scientific meetings that had not been published within 2 years of presentation were generally excluded. Extrapolations from basic science data and expert opinion of the panel members were included. The recommendations focus on resistance regarding drugs that had been approved by the US Food and Drug Administration at the time of the report.
The panel was divided into writing committees for sections on mechanisms of drug resistance, drug resistance assays, prospective study results, clinical management issues, and updated recommendations. Each section committee met to identify relevant data and prepare draft recommendations for the sections, which were reviewed and discussed by the full panel. Draft sections with supporting data and preliminary recommendations were combined and circulated to the entire panel and discussed by full panel conference calls. The recommendations reflect unanimous agreement of the panel members that there is sufficient evidence for incorporating these recommendations into clinical practice.
MECHANISMS OF ANTIRETROVIRAL DRUG RESISTANCE
Antiretroviral resistance develops when viral replication continues in the presence of the selective pressure of drug exposure. For some drugs, such as the nucleoside reverse-transcriptase inhibitor (NRTI) lamivudine and all available NNRTIs, a single mutation induces high-grade resistance in a predictable manner. For others such as zidovudine, abacavir, tenofovir, and most of the protease inhibitors (PIs), high-grade resistance requires the serial accumulation of multiple mutations and is thus slower to emerge. Some other drugs, including didanosine and stavudine, are associated only with low levels of resistance as measured in phenotypic assays, despite the presence of у1 key mutation. Clinical trial data now show that low-level resistance to didanosine and stavudine predict decreased efficacy [11, 12] . Resistance cutoffs for phenotypic assays for these drugs have been lowered to reflect this [13] .
Nucleoside and nucleotide reverse-transcriptase inhibitors. Although most of the mutations associated with NRTI resistance are not at the active site of the enzyme, they do lead to conformational changes that affect the active site aspartate residues [14] . Different mutations lead to 2 different mechanisms for resistance: decreased substrate binding and increased phosphorolysis (removal of the chain-terminating substrate that has already been incorporated into the growing proviral DNA chain). Both mechanisms lead to an overall net decrease in termination of the elongating chain of HIV DNA by the NRTI [15, 16] .
Three patterns of multi-NRTI resistance mutations have now been identified [17, 18] . One is the Q151M complex [19] [20] [21] [22] . Another is the 69 insertion complex, consisting of a mutation at codon 69 (typically T69S) followed by an insertion of у2 amino acids (S-S, S-A, S-G, or others) [23] [24] [25] . The 69 insertion is often accompanied by mutations at other sites. Some other amino acid changes from the wild-type threonine (T) in codon 69 without the insertion may also be associated with broad NRTI resistance [26] . The third pattern of multi-NRTI resistance involves NRTI-associated mutations (NAMs). These include the reverse-transcriptase mutations M41L, D67N, K70R, L210W, T215Y/F, and K219Q/E, which were initially recognized after zidovudine therapy [27] [28] [29] . Although NAMs are selected for only by thymidine NRTIs (zidovudine and stavudine), they are associated to varying degrees with reduced susceptibility to all NRTIs. The NAMs cause resistance by improving excision of the chain terminator by phosphorolysis [30, 31] rather than the common mechanism for other reverse-transcriptase and protease mutations, which is by decreasing binding of the inhibitor to the target. Some other mutations, such as the 69 insertion and the RT K65R mutation, also appear to cause resistance by the excision mechanism.
In heavily pretreated patients, resistance patterns may be difficult to interpret, owing in part to multiple interactions among resistance mutations. Certain single reverse-transcriptase mutations may confer resistance to one drug and yet enhance phenotypic susceptibility to another. For example, M184V [32] and L74V [33] are associated with resistance to lamivudine and didanosine, respectively, and each leads to enhanced sensitivity to zidovudine. Recent studies have elucidated the underlying mechanisms for this sensitization. The lamivudine-associated M184V mutation causes decreased phosphorolysis, which counters the NAM effect of increasing phosphorolytic excision [34] . In early studies of the combination of zidovudine and lamivudine as double therapy, the emergence of zidovudine resistance due to NAMs was considerably delayed [32] . Although the M184V mutant may partially "reverse" phenotypic zidovudine resistance conferred by mutations in codons 41, 67, 70, 210, 215 , and 219, [32] this effect is limited by the emergence of other mutations that restore zidovudine resistance and may thus lead to zidovudine and lamivudine coresistance [35] [36] [37] . The M184V also restores susceptibility to stavudine and tenofovir because NAMs cause resistance to all chainterminating inhibitors by improving their excision [38] .
The presence of NAMs related to zidovudine resistance is associated with increased resistance to stavudine, abacavir, lamivudine, didanosine, and tenofovir [17, [39] [40] [41] ]. An additional M184V or M184I mutation occurring with multiple NAMs may restore in vitro susceptibility to zidovudine, tenofovir, and stavudine; however, it increases resistance to lamivudine, abacavir, and perhaps didanosine. The availability of new drugs like tenofovir may partially overcome the cross-resistance caused by the accumulation of NAMs. Tenofovir often retains some activity against isolates that are resistant to zidovudine, didanosine, zalcitabine, and abacavir and against the multi-NRTI drug-resistant variants carrying the Q151M mutation. When resistance to tenofovir exceeds the upper limit of the range of susceptibility for wild-type virus, activity begins to diminish, and when resistance is 14-fold that of wild-type virus, any response to tenofovir therapy is probably lost [42] . Genotypic analysis in this setting has demonstrated that resistance to tenofovir in vivo is associated with the presence of K65R, T69S insertion, or у3 NAMs, including M41L or L210W. A set of у3 NAMs that do not include M41L or L210W has not been associated with tenofovir resistance.
NNRTIs. Two patterns of multi-NNRTI resistance have been described. One is the K103N reverse-transcriptase mutation. This single mutation confers resistance to all currently available NNRTIs, presumably by stabilizing the closed-pocket form of the enzyme, thus inhibiting the binding of the drug to its target [43] . The fact that all available agents in this class bind to the same domain explains the broad pattern of crossresistance and has prompted the development of new agents that interact with this domain more favorably. Cross-resistance across this entire class may not be absolute. In practice, у20% of patients in whom nevirapine resistance emerges may still have isolates that are sensitive to efavirenz [44] . However, subsequent exposure to efavirenz may lead to more rapid emergence of resistance than if the baseline isolate were wild-type, limiting the possibility of sequencing drugs within this class. Indeed, another pattern of multi-NNRTI resistance is the accumulation of multiple mutations, including L100I, V106A, Y181C, G190S/A, and M230L. Rarely, Y188L causes multi-NNRTI resistance.
Enhanced susceptibility to NNRTIs (i.e., hypersusceptibility) has been described in association with multiple mutations conferring broad cross-resistance to NRTIs and a lack of NNRTI resistance mutations [3, 45] . In patients with no prior NNRTI use, the prevalence of hypersusceptibility to NNRTIs (defined as an IC 50 of 12.5-fold less than that of a wild-type reference strain) was 18%-24% [3] . Longer duration of NRTI use, prior use of zidovudine, and abacavir or zidovudine resistance have all been associated with hypersusceptibility. This phenomenon appears to have biological significance, with its presence enhancing the response to efavirenz-based regimens [3, 4, 46] . A significantly greater short-term reduction in the plasma HIV-1 RNA level was noted in patients showing hypersusceptibility to efavirenz who received that drug for salvage therapy. NNRTI hypersusceptibility in patients with extensive prior NRTI experience may help explain the value of these drugs in salvage regimens for patients naive to NNRTIs [3, 4] . However, the presence of hypersusceptibility did not appear to delay the emergence of delavirdine resistance or antiretroviral failure in one controlled study [47] .
PIs. The sequential use of certain PIs may be possible in some situations, because several drugs in this class have distinctive major resistance mutations. This is particularly true for nelfinavir [48] and has been suggested for atazanavir. All other PIs retain activity in vitro and in vivo against D30N isolates selected by nelfinavir. Less commonly, nelfinavir failure is associated with L90M, which is more likely to add to crossresistance to other PIs. The I50V amprenavir resistance mutation alters the hydrophobic interaction with the target and had been thought to only minimally alter the binding of other drugs in this class. However, amprenavir-selected genotypes do confer cross-resistance to lopinavir or ritonavir [49] . Clinical evidence to support particular PI sequencing, except that for nelfinavir, is lacking.
The presence of у2 key mutations (e.g., D30N, G48V, I50V, V82A/F/T/S, I84V, and L90M) generally confers broad crossresistance to most currently available PIs [50, 51] . One strategy to avoid the accumulation of multiple mutations is to use low-dose ritonavir to increase the circulating levels (or "boost") other PIs (e.g., lopinavir, indinavir, amprenavir, and saquinavir), which may result in higher and more prolonged drug concentrations and greater suppression of viral variants that contain a limited number of mutations. Thus, resistance depends not only on intrinsic properties of the virus but also on the achievable plasma levels of the drug.
Hypersusceptibility has also been demonstrated in association with some protease mutations. Patients whose infections failed to respond to certain PI regimens may harbor HIV with the protease D30N and N88S mutations, which confer in vitro hypersusceptibility to other PIs [52] [53] [54] . In addition, viral constructs containing the indinavir-associated V82T mutation are less fit than wild-type virus and are hypersusceptible to saquinavir [55] . Interactions among other mutations, (e.g., at protease Gag cleavage sites) may also affect PI susceptibility. Of note, currently available genotypic resistance tests do not examine the gag region, and further research is needed to define the relationships between mutations in the Gag cleavage sites and in the protease gene as they affect virological and clinical outcome.
Entry inhibitors. Entry of HIV-1 into target cells is a multistep process involving attachment (mediated by gp120 binding to CD4), chemokine coreceptor binding, and association of 2 trimeric helical coils (HR-1 and HR-2) located in the ectodomain of gp41 into a 6-helix bundle that brings the virus and cell membranes into close approximation, allowing membrane fusion to occur. A number of drugs currently in development block HIV-1 infection by interfering with у1 of these steps. The recently approved fusion inhibitor enfuvirtide (known as T-20) blocks the association of HR-1 with HR-2 by binding to the trimeric HR-1 complex, thereby inhibiting fusion and blocking virus entry [56] . Mutations in HR-1 that reduce enfuvirtide susceptibility are selected by in vitro passage of HIV-1 in the presence of the drug and have been identified in isolates obtained from patients receiving enfuvirtide in clinical trials [57, 58] . In particular, amino acid substitutions at gp41 codons 36-45 are found in virus samples recovered from patients experiencing protocol-defined treatment failure of enfuvirtide and are associated with an average 20-fold increase from the baseline IC 50 of enfuvirtide [17] . The 500-fold range of enfuvirtide susceptibility among pretreatment isolates with wild-type sequences in HR-1 suggests that sequence variation in other regions of the HIV-1 envelope modulate susceptibility to this drug.
HIV REPLICATION CAPACITY
Several studies have demonstrated that drug-resistant mutants have reduced replication capacity (a component of relative viral fitness) compared with drug-susceptible HIV-1 variants in vitro [59] [60] [61] [62] [63] . These reductions in replication capacity can often be correlated with biochemical abnormalities in protease or reverse-transcriptase [59, 61, 62, 64] . Reductions in replication capacity can persist in clinical protease and reverse-transcriptase sequences [65] , although mutations outside of protease and reverse-transcriptase may compensate for reductions in replication capacity conferred by resistance mutations [64] .
Some studies suggest that the extent to which replication capacity is reduced influences the likelihood of the next mutant emerging during treatment failure [61, 62] . Reductions in replication capacity may also influence clinical outcome. In one study, the overgrowth of drug-resistant variants by drugsusceptible virus with improved replication capacity was associated with an increase in the plasma HIV-1 RNA level and a decrease in the CD4 cell count [66] , suggesting that persistence of drug-resistant variants with reduced replication capacity may offer some clinical benefit. Another study found a correlation with replication capacity and clinical outcome, although the number of isolates studied was small [67] . A measure of HIV replication capacity is now being offered as part of one phenotypic resistance assay, although there is no consensus yet on how to measure replication capacity optimally or how to incorporate this information into clinical management.
RESISTANCE TESTING ASSAYS
There are 2 general types of resistance testing assays: genotypic assays (i.e., HIV gene sequencing to detect mutations that confer HIV drug resistance) and phenotypic assays (i.e., drug susceptibility testing of plasma virus). Genotypic testing to detect mutations associated with drug resistance may be performed using assay kits or in-house techniques. There is a high level of concordance (97.8%) between 2 commercial assay kits when tests are performed by the same laboratory for detection of resistance mutations [68, 69] . In 80% of cases, discordance was due to differences in detection of mixed wild-type and mutant populations by the 2 assays [68] . Earlier quality assurance evaluations have demonstrated underdiagnosis of resistance mutations and interlaboratory variation in the quality of genotyping, independent of the technology used, especially when mixtures of wild-type and mutant virus were present [70] [71] [72] . The frequencies of false-positive and false-negative test results were low (0.3% and 6.4%, respectively [70] ), and 52% of laboratories were unable to detect all 10 mutations present in a sample in which mutant virus constituted 50% of the population [71] . Performance was related to the experience level of the laboratory, suggesting that appropriate operator training, certification, and periodic proficiency testing are essential for proper genotyping. Some regulatory authorities now require such training.
Appropriate interpretation of the results of HIV-1 drug re-sistance testing remains a challenging problem for both phenotypic and genotypic assays. Results of genotypic tests are interpreted by individual judgment by consulting lists of drug resistance mutations [17, 18] or by computerized rules-based algorithms that classify the virus as "susceptible," "possibly resistant," or "resistant" to each antiretroviral agent. The construction of rules-based algorithms for interpretation of genotype is a lengthy and difficult process that requires frequent updating. Extensive variations exist among the different available algorithms in the classification of expected drug activity [73] [74] [75] . This variation appears to be drug related and more important for the NRTIs and PIs [73, 74] . Differences in how drug resistance is scored complicate comparisons among the algorithms. Ideally, algorithms for interpretation of genotype should be based on studies correlating the viral genotypic profile at baseline with the virological response to treatment (e.g., a decrease in the plasma HIV RNA level). The mutational profiles that predict a lack of virological response have been developed only for a few drugs [76] [77] [78] [79] [80] [81] [82] .
An alternative approach to interpretation of genotype is the "virtual" phenotype, which uses genotypic data to determine the likely in vitro drug susceptibility of a particular virus on the basis of data from matching viruses in a large database of virus samples with paired genotypic and phenotypic data. Viruses in the database with genotypes that match the test virus are identified, and the average phenotype for all the available matches in the database is calculated. With a sufficiently large database, there is a high likelihood that a reasonable number of matches can be found for most genotypes encountered in practice. The actual and virtual phenotypes show excellent correlation ( ) for most drugs [83] . A potential limitation 2 R 1 0.8 of this approach is that the level of confidence placed in the result depends on the number of matching genotypes in the database and on selecting the appropriate codons to incorporate into the search. Matches are based on positions preselected as relevant for each drug, not the entire sequence. Correlation between actual and virtual phenotype most likely will be weaker for newer drugs or in cases in which there are fewer matches because of unusual genotypes.
Standard phenotypic testing by recombinant virus assays remains restricted to 3 commercial laboratories. Current assays amplify HIV protease and reverse-transcriptase as well as the 3 -terminus of gag as a unit from plasma virus and generate a recombinant virus with other HIV genes from a laboratory construct [84] . A comparison between 2 of these phenotypic assays showed 92.2% overall concordance [85] . However, only a small fraction of the samples tested had significant levels of drug-resistant mutations. Comparison between different methods by use of plasma samples from drug-experienced patients demonstrated a significant correlation overall ( ; 2 R p 0.61 P ! ), but this did not reach significance for abacavir, stavudine, .001 didanosine, or amprenavir [86] . A third study showed that test results were highly correlated for all 3 assays, although the strength of the correlation was weaker for stavudine and didanosine [87] . This technology has been modified to allow measurement of viral susceptibility to integrase inhibitors, fusion inhibitors (e.g., enfuvirtide), and chemokine receptor inhibitors [88] .
Results of phenotypic testing usually are expressed as the fold-change in susceptibility of the test sample compared with a laboratory control isolate. Previously, cutoffs for defining "susceptible" and "resistant" viruses were based on the interassay variation of the controls (the "technical" cutoff). Testing laboratories have shifted to the use of "biologic" cutoffs, which are based on the normal distribution of susceptibility to a given drug for wild-type isolates from therapy-naive individuals. The key question, however, is whether a patient is likely to respond to a particular drug. Consequently, the most relevant approach for interpreting the phenotype results is to define "clinical" cutoffs by using data from clinical trials or cohort studies to determine the change in susceptibility that results in a reduction in virological response to the drug in question. To date, clinical cutoffs have been defined for relatively few drugs (e.g., abacavir, tenofovir, and lopinavir-ritonavir) [76, 77, 82] . The results of several studies underscore the difficulty in determining appropriate susceptibility cutoffs for many drugs. For example, data from the NARVAL trial show a continuous inverse relationship between fold-resistance and response rate for saquinavir and efavirenz (i.e., the higher the fold-resistance, the lower the rate of viral suppression); thresholds above which no response was observed were noted for stavudine, didanosine, abacavir, and amprenavir [89] . No correlation between fold-resistance and treatment response was observed, however, for zidovudine, lamivudine, nelfinavir, and nevirapine. Analyses of the activity of individual drugs are confounded by the presence of other drugs in the regimen to which the virus remains susceptible. Analysis in one study showed no predictive value of NRTI phenotype for virological success at 6 months by using a cutoff of 2.5-fold to define resistance [90] . The predictive value of NRTI phenotype improved when lower cutoffs (i.e., 1.7-fold) were used for didanosine and stavudine.
Two different clinical phenotypic cutoff values should be considered: one at which clinical responses diminish, compared with wild-type virus, and one at which no clinical response can be expected. Even partial activity may be clinically useful when treatment options are limited. For example, 60% of PI-experienced, NNRTI-naive patients with virus isolates resistant to lopinavir-ritonavir still achieved virological reduction at week 24 while receiving a lopinavir-ritonavir-containing regimen [77] . The definitions of clinically validated criteria for resistance phenotypes and genotypes require analyses that account for confounding factors, such as the type and duration of previous antiretroviral therapy and the activity of the other drugs in the regimen.
The benefit of resistance testing results in guiding therapy also depends on drug exposure [91] . Thus, phenotypic cutoffs for defining drug resistance may need to consider drug concentrations in an individual. For example, boosting plasma levels of most PIs with low doses of ritonavir will change the definition or cutoff of resistance for the boosted drugs. One approach to relating drug exposure and drug susceptibility is the inhibitory quotient (IQ), which is the ratio of the measured plasma C min divided by the IC 50 or IC 90 , corrected for 50% human serum. In one study, IQ predicted virological response over 48 weeks to ritonavir boosting of patients receiving an indinavir-containing regimen [92] . This concept needs to be evaluated for other PIs and NNRTIs, as does its application to genotypic testing (pertaining to number of mutations rather than IC 50 or IC 90 ).
PROSPECTIVE STUDIES OF DRUG RESISTANCE TESTING
Randomized studies of the clinical utility of drug resistance testing have generally supported its use as a guide to selecting antiretroviral therapy in patients whose infections have failed to respond to previous regimens [75, 90, [93] [94] [95] [96] [97] . The studies differ in several important design features, including the extent of prior treatment experience of the study population, the particular resistance test used, whether expert advice was provided in addition to the test results, duration of follow-up, and the definition of virological success or failure used as the primary study end point. It is not surprising, therefore, that not all studies provide concordant results.
Three trials have shown an advantage for the use of genotypic testing over standard of care in the selection of regimens for patients whose infections fail to respond to antiretroviral therapy [93] [94] [95] . The genotyping arms of these studies had average decreases in plasma HIV-1 RNA levels that were significantly greater than those for the standard-of-care arms at 8-24 weeks. Subjects in the genotyping arms were also more likely to achieve plasma HIV-1 RNA levels that were less than the limits of assay detection. In a fourth trial, however, the advantages of genotyping proved to be short lived [75] . Although a significantly greater proportion of patients in the genotyping arm had plasma HIV-1 RNA levels that were less than the limit of detection at week 12, this difference was not statistically significant at week 24. Additional analysis of 2 of these trials demonstrated the importance of achieving adequate plasma drug levels for optimal treatment response, even after taking into account the benefits of genotypic testing [91, 98] .
Expert advice also plays a significant role as an adjunct to resistance testing in influencing the outcome of salvage therapy.
HIV practitioners' knowledge of HIV resistance patterns is incomplete [99] . One study that compared the utility of genotypic resistance testing, expert advice, or both with standard of care in selecting regimens for patients whose infections fail to respond to antiretroviral therapy showed that genotypic testing and expert advice each resulted in significantly better virological responses [95] . The best response rates were observed in patients who received both genotypic testing and expert advice. These results suggest that although expert advice is helpful, the availability of genotypic assays leads to further improvements in virological outcome in the setting of antiretroviral failure.
Trials of phenotypic testing versus standard of care have produced mixed results. A 16-week pilot study in NNRTI-naive patients with extensive NRTI and PI experience found no significant difference between phenotyping and standard-of-care arms [100] . In a subsequent study of patients whose illness failed to respond to the first PI-containing regimen, patients in the phenotypic testing arm had a significantly greater reduction in plasma HIV-1 RNA level by week 16 than did patients in the standard of care arm [96] . Of note, very few patients entering this trial had prior NNRTI experience. Overall, patients in the phenotypic testing arm received significantly more new drugs to which their virus was susceptible than did patients in the control arm. By contrast, one trial failed to show an advantage of phenotypic testing over the standard of care [90] . However, a significant difference favoring the phenotypic testing arm emerged in analysis of a subgroup of patients with virus resistant to 13 PIs. Despite the negative result in the study as a whole, the number of PIs and NNRTIs in the new regimen to which the virus was predicted to be susceptible was associated with the likelihood of maintaining plasma HIV-1 RNA levels of !400 copies/mL at 6 and 12 months after controlling for baseline CD4 + cell count and HIV-1 RNA level. The utility of phenotypic and genotypic testing was examined in the NARVAL study in which patients whose infections failed to respond to a 3-drug, PI-containing regimen were randomized to genotype testing, phenotype testing, or standard-of-care arms. Most patients were heavily pretreated, having received a median of 7 antiretroviral agents before study entry. No significant difference between arms was found at week 12 for either the percentage of patients with plasma HIV-1 RNA levels of !200 copies/mL or for the percentage of patients showing a у1 log 10 decrease in the HIV-1 RNA level from baseline [101] . In a secondary analysis of a subgroup of 179 patients whose disease failed to respond to a first PI, the virological response was significantly better in the genotypic testing arm than in the phenotypic testing and standard-of-care arms. Multivariate logistic regression analysis showed that randomization to the genotypic testing arm as well as use of efavirenz in patients naive to NNRTIs, or abacavir or lamivudine in the salvage regimen were significant independent predictors of virological success, whereas a high number of resistance mutations, long duration of prior PI treatment, high baseline HIV-1 RNA level, and use of nelfinavir in the salvage regimen were significant independent predictors of virological failure [102] . This analysis highlights the many factors that contribute to determining outcome of salvage therapy and complicate the design and interpretation of randomized trials of resistance testing. Retrospective analyses of both the CCTG 575 and NARVAL trials suggested that inappropriately high cutoffs for stavudine and didanosine and inappropriately low cutoffs for abacavir resulted in suboptimal NRTI drug selection in the phenotypic arms.
The CERT study also compared genotype, phenotype, and standard of care [103] . As in the NARVAL study, there was no overall difference in the time to study end point (persistent virologic failure) between the study arms. An advantage of genotyping and phenotyping over standard of care was found among patients with a history of treatment with 14 antiretroviral agents before study enrollment. Interpretation of results from the genotype arm is clouded somewhat by the fact that part way through the study, patients in the genotype arm began receiving virtual phenotype reports in place of routine genotype reports. In the VIHRES study in heavily pretreated patients, there was no statistically significant difference in virologic outcome between patients whose next regimens were guided by genotypic testing versus those whose regimens were guided by phenotypic testing [104] .
The clinical utility of the virtual phenotype was compared with standard drug susceptibility testing in the RealVirfen study [105] . Patients whose infections failed to respond to a tripledrug regimen were randomized to receive resistance test results based on the virtual phenotype or an actual measured phenotype. At week 24, the reduction in plasma HIV-1 RNA from baseline was significantly greater in patients in whom salvage therapy was selected with the aid of the virtual phenotype than those in which the standard phenotypic assay was used. A greater proportion of patients in the virtual phenotype arm achieved plasma HIV-1 RNA levels of !400 copies/mL than those in the standard phenotype arm, but this difference was not statistically significant.
Collectively, these prospective randomized trial data indicate at least short-term virologic benefits for both genotypic and phenotypic drug resistance testing, although evidence is strongest for genotypic testing. Table 1 summarizes published prospective trial results. Numerous factors contribute to determining outcome of salvage therapy and complicate the design and interpretation of randomized trials of resistance testing. In the absence of data from comparative trials, there is insufficient evidence to favor one resistance testing approach over the other. It is possible that, in some complicated situations, phenotypic and genotypic drug resistance testing provide complementary information helpful in patient management [106] .
Further evidence supporting the clinical utility of drug resistance testing is provided by results of the phase III clinical trials of enfuvirtide [107] . Although not trials of resistance testing per se, phenotypic and genotypic resistance testing were performed at study entry in order to guide selection of optimized background (OB) regimens for this group of highly treatment-experienced patients whose infections failed to respond to current antiretroviral therapy. The number of drugs in the OB regimen to which the virus was susceptible, as judged by the results of resistance testing, was a significant independent factor in determining the magnitude of viral suppression [108] .
The cost-effectiveness of resistance testing has been modeled by using data from the GART [94] and VIRADAPT [93] trials together with data from the HIV Cost and Services Utilization Survey and the 1998 Red Book to determine the cost of HIV-1 infection-related care [109] . The incremental increase in cost per quality-adjusted life-year (QALY) ranged from $16,300 to $17,900. These results compared favorably to prophylaxis for Mycobacterium avium complex (increase in cost per QALY, $35,000), fungal (increase in cost per QALY, $100,000), and cytomegalovirus infections (increase in cost per QALY, $314,000). By use of the same model, the cost-effectiveness of resistance testing for patients with acute or recent HIV-1 infection was shown to increase in parallel with increasing rates of the transmission of drug resistant HIV-1. Thus, the cost-effectiveness of genotypic resistance testing is similar to or better than that of many generally recommended interventions for HIV-1-infected patients.
CLINICAL MANAGEMENT AND RECOMMENDATIONS
Specimen collection. An important issue in resistance testing is the optimal time to obtain the plasma sample for analysis. False-negative results may occur if blood samples are obtained after therapy is changed or stopped because susceptible variants may outgrow the resistant mutants in the absence of drug pressure. For example, M184V predominance may be lost within a few weeks after withdrawal of lamivudine therapy [110] [111] [112] . Certain mutations may persist up to 2 years or longer in patients with transmitted (primary) resistance and for variable periods of time in those with acquired resistance [113] [114] [115] . Nevertheless, blood samples should optimally be obtained for resistance testing after virologic failure is confirmed and before the failing drug regimen is changed. Furthermore, the plasma sample should contain 500-1000 HIV RNA copies/mL, to allow successful PCR amplification for either genotyping or phenotyping.
Acute or recent HIV-1 infection. Several reports indicate that rates of transmission of drug-resistant HIV-1 variants (termed "primary resistance") may be increasing, although es- timates of the prevalence among populations from different geographic regions vary [116] [117] [118] [119] [120] [121] [122] . Studies in North America, Germany, and the United Kingdom suggest that drug-resistant virus is being increasingly transmitted, whereas studies from some other European countries have indicated stable or decreased transmission [122] . Resistance testing is recommended for patients presenting with acute or recent (i.e., within 12 months) HIV infection, particularly if the source patient is known to be taking antiretroviral drugs. The goal of therapy in these patients is to suppress viral replication quickly to preserve HIV-specific CD4 + cell helper responses and improve long-term outcomes. The ability of therapy to achieve this goal is under investigation, but preliminary data are promising [123, 124] . Initiation of therapy for patients with acute or recent infection should not await the results of resistance testing. Regimens can be adjusted within a few weeks if resistance to any drug is detected. Suboptimal HIV-1 RNA response to an initial regimen (e.g., failure to attain virus load less than detectable levels by 8-12 weeks of therapy) should also prompt consideration of resistance testing.
Established infection. The prevalence of drug-resistant virus in patients with established HIV infection before starting an initial regimen has been assessed [125] [126] [127] [128] [129] [130] . It was expected that, even if resistant mutants were initially present, wild-type viruses would eventually predominate because of better replicative capacity [66] . However, newer studies suggest a difference in the persistence of resistant mutants after treatment failure, compared with after primary infection with resistant virus. Resistance mutations in the plasma HIV RNA of untreated patients have been reported to persist for 112 months [131, 132] and, more recently, for 12 years after infection [115] . These data support a recommendation for resistance testing for subjects initiating therapy who have been infected for up to 2 years and perhaps longer. It is often difficult to ascertain how long an individual has been infected, and consideration should be given to testing when the duration is uncertain and the expected regional prevalence of resistance is у5%. Analyses suggest that resistance testing is cost-effective if the prevalence of resistance is 15% [109] . In such situations, in contrast to that in acute or recent infection, therapy can generally be delayed until resistance test results are available. In addition, drug-resistant variants, persisting as minority species, might not be detected by current assays but could emerge rapidly when antiretroviral therapy is initiated. In cases where treatment is delayed because of high CD4 + cell counts or low HIV-1 RNA levels, resistance tests should be considered to detect the possibility of transmitted resistance for future treatment planning.
Use of resistance testing for changing therapy. The estimated prevalence of any drug-resistant virus in US adults under care during the first 3 years of antiretroviral therapy (1999) in one study was 78% [116] . Resistance prevalence varied by drug class: 70% for NRTIs, 31% for NNRTIs, and 42% for PIs. The likelihood of resistance was higher with more advanced HIV disease and lower reported CD4 + cell counts, but not with current CD4 + cell count [133] . Similar results have been reported from Spain [125] . These results have implications for the potential efficacy of treatment interventions and for transmission of drug resistant HIV. Data from retrospective and prospective studies provide evidence that resistance testing in the setting of virological failure is useful for selecting an alternative antiretroviral regimen [50, 75, 93, 95, 96, [134] [135] [136] [137] [138] [139] [140] [141] [142] .
Early virological failure of indinavir-zidovudine-lamivudine or amprenavir-zidovudine-lamivudine therapy is associated with the lamivudine-associated M184V mutation present in most patients [143] [144] [145] . Similarly, early failure to respond to regimens containing NNRTIs characteristically showed mutations associated with these drugs [114, 146] . This suggests that differential "genetic barriers" to resistance may in part determine the temporal pattern of HIV-1 drug resistance and that it may not always be necessary to change all the drugs in a failing regimen. Continuation of у1 of the components, combined with other new drugs, may prove to be a successful strategy in certain settings; however, this approach has not yet been clinically validated. Single-drug substitutions should generally be avoided and current therapy guidelines followed [147] . Clinicians must be cautious about the potential existence of undetected minority resistant subspecies that could emerge quickly during receipt of a nonsuppressive regimen. Even if the entire regimen is changed, the knowledge gained from resistance testing may prove useful when a subsequent regimen fails, fewer options are available, and the issue of recycling of drugs arises. It should be noted that the absence of resistance in patients whose illness fails to respond to therapy most often indicates poor adherence to the regimen [143, 144] .
First regimen failure. Initial regimen failure should prompt a review of adherence and recommendation for resistance testing. Pharmacokinetic reasons for failure should also be considered. Assuming a high degree of adherence and adequate drug absorption, the settings in which resistance testing is likely to prove helpful are: (1) soon after therapy initiation if only a minimal decrease in the plasma HIV-1 RNA level occurs during the first 4-12 weeks, suggesting a suboptimal treatment response; (2) during early virus breakthrough (i.e., a confirmed plasma HIV-1 RNA level of 1500-1000 copies/mL that indicates therapy should be changed, after levels less than the detection limit have been attained); and (3) during more prolonged viral replication in which more extensive resistance might be suspected.
Multiple regimen failures. Drug resistance testing is recommended to help guide management after numerous regimens have failed [147] . Retrospective studies have shown that resistance is strongly predictive of lack of response to therapy, and prospective studies have demonstrated the clinical utility of resistance tests plus expert advice in individuals with advanced disease [75, [93] [94] [95] . Given the limited drug options available when multiple regimens have failed, incorporating resistance testing into patient management should provide physicians and patients with data that will permit the most effective use of approved or investigational drugs and may help to avoid the inconvenience, cost, and toxicity of drugs in a regimen with little likelihood of conferring benefit. Because resistant virus is archived, review of the cumulative results of prior resistance tests may be useful.
Pregnancy. Current guidelines recommend that zidovudine be included as a component of all regimens designed to prevent mother-to-child transmission [148] [149] [150] . However, transmission of zidovudine-resistant HIV-1 to newborns has been documented, and in cases in which it is suspected that a pregnant woman may harbor zidovudine-resistant virus, other drugs that are safe in pregnancy are preferable to zidovudine [151] .
Nevirapine alone may also be useful in the maternalnewborn setting, although studies of nevirapine prophylaxis in Uganda showed that the K103M mutation could be selected after a single dose of this drug [152, 153] . According to current experience, it seems reasonable to avoid monotherapy or dual therapy in pregnant HIV-infected women if triple therapy is available. Current treatment guidelines discourage withholding combination antiretroviral therapy from pregnant women if otherwise indicated [149] . Efavirenz should be avoided in pregnancy because of potential teratogenicity [149, 154, 155] .
Mother-to-child transmission of multidrug-resistant HIV-1 has been reported with incomplete suppression of maternal plasma viremia and extensive prior antiretroviral exposure [156] . If viremia is present in the mother, resistance testing should be performed on maternal virus, particularly when there has been prior antiretroviral exposure or when prevalence of Optimize the treatment regimen for the mother and prophylaxis for neonate.
Other general recommendations Plasma samples to be tested for drug resistance should contain at least 500-1000 HIV-1 RNA copies/mL to ensure successful PCR amplification.
Given the absence of data from comparative trials, no one resistance testing method is recommended over another. Phenotypic testing may be particularly useful in complex cases with multiple resistance mutations.
In patients in whom an antiretroviral regimen is failing (including suboptimal virologic response as long as HIV RNA level is greater than 500-1000 copies/mL, to allow resistance testing), it is preferable that the blood sample for resistance testing be obtained while the patient is taking the failing regimen, if possible.
Measures of HIV replication capacity are under study but cannot be generally recommended at this time because of lack of consensus on how to optimally measure or how this information should be incorporated into patient management.
Resistance testing should be performed by laboratories that have appropriate operator training, certification, and periodic proficiency assurance.
Genotypic and phenotypic test results should be interpreted by individuals who are knowledgeable in antiretroviral therapy and drug resistance patterns.
a Therapy should not be delayed for resistance testing results. b In untreated, established infection, wild-type isolates may replace drug-resistant quasi species over time.
resistant virus in the community is high. Optimally active drugs can then be identified for the pregnant woman, and regimen adjustments can be made to maximize prevention of motherto-child transmission. Treatment interruptions. An inducible archive of virus persists in resting memory CD4 + cells harboring latent proviral genomes [157, 158] . One study supported the clinical utility of periods "off" therapy in patients with advanced HIV disease to select for reversion of the virus population from resistant mutants to wild-type and thus increase the response to subsequent antiretroviral therapy [159] . However, other studies have shown no apparent benefit associated with such treatment interruptions [154, 160, 161] . Moreover, treatment interruptions may be associated with deleterious consequences, including reemergence of acute retroviral syndromes [162, 163] , selection for drug-resistant virus [162, 164, 165] , and precipitous decreases in CD4 + cell counts, resulting in an increased risk for the appearance of opportunistic infections and death. The risk is higher among patients whose latest CD4 + cell count is !200 cells/mL [160, 166] .
Non-B subtypes. Much of the knowledge about the development of drug resistance to HIV-1 is based on the study of clade B isolates. Different HIV-1 subtypes may develop drug resistance through different mutational pathways, which may affect cross-resistance [5, 6] . It may thus be necessary to reevaluate some aspects of knowledge regarding drug resistance as larger numbers of patients receiving antiretroviral treatment for non-clade B isolates are encountered. Results may be influenced by the primers used for amplification and sequencing. Although studies that use either of the 2 widely available commercial methods (Visible Genetics and Applied Biosystems) did not identify difficulties at the time of sequencing non-B HIV subtypes, one method [167] uses a novel set of RT-PCR primers in this setting and may improve the sequence efficiency [168] [169] [170] [171] [172] . Two commercially available phenotypic assays have demonstrated satisfactory performance with a limited number of specimens from patients infected with non-clade B virus.
SUMMARY AND FUTURE DIRECTIONS
Since the previous recommendations of this panel were published [2] , considerable progress has been made in defining the indications for resistance testing and determining the costeffectiveness of strategies that use testing in the management of HIV-infected individuals. Prospective randomized trials have shown at least short-term virological benefits for both genotypic and phenotypic resistance testing in a variety of situations. Moreover, emerging data indicate that viral drug resistance is a problem wherever treatment is used, and it may be increasing in importance. It has also become clear that knowledge concerning patterns of resistance and cross-resistance is critical to the development of successful sequencing of antiretroviral regimens.
Although much has been learned regarding mutational interactions and their effects on drug susceptibility, knowledge in this area is incomplete, and further studies are essential. Defining clinical cutoffs to determine viral resistance to individual drugs and drug combinations is imperative to guide the appropriate interpretation of test results. Evaluating susceptibility patterns among non-clade B HIV isolates should also be a high priority, because these viruses are the most prevalent around the world. In addition, it will be important to further define pharmacologic and virological interactions for individual drugs and combinations and to evaluate how these interactions can best be exploited to provide drug levels sufficient to inhibit partially resistant viruses.
Given the complexities of drug regimens, mutational interactions, and resistance testing, expert interpretation of both genotypic and phenotypic test results is highly recommended. Assessment of the many clinical and biological factors that affect interpretation of resistance test results (including the patient's previous treatment history) requires the input of individuals experienced with antiretroviral therapy and knowledgeable of drug resistance patterns. These guidelines (table 2) should help clinicians make appropriate decisions on how best to incorporate drug resistance testing into the management of HIVinfected individuals.
